Burkholderia sacchari DSM 17165 is able to grow and produce poly(3-hydroxybutyrate) both on hexoses and pentoses. In a previous study, wheat straw lignocellulosic hydrolysates (WSH) containing high C6 and C5 sugar concentrations were shown to be excellent carbon sources for P(3HB) production.
Introduction
Several bacteria are able to synthesize polyhydroxyalkanoates (PHA) for carbon and energy storage. This generally happens in response to stress or when exogenous carbon sources are provided in excess and growth is impaired by the lack of at least one essential nutrient like nitrogen, oxygen, phosphorous or magnesium [1] . PHAs accumulate in the cytoplasm in the form of inclusion bodies (PHA granules). The most common PHA is the homopolymer poly 3-hydroxybutyrate P(3HB) which is formed by the biological condensation of the monomer 3-hydroxybutyric acid. In the latest years, about 150 monomers other than 3-hydroxybutyric acid have been detected as building blocks of bacterial PHAs [2] [3] . These monomers are generally incorporated in the polyester chain together with 3-hydroxybutyric acid, forming random copolymers or even polyester blends [4] [5] . The co-monomers can be short chain length (scl-PHA, C3-C5) such as 3-hydroxyvalerate (3HV), 4-hydroxybutyrate (4HB), 3- hydroxypropionate (3HP) and 4-hydroxyvalerate (4HV) or medium chain length monomers (mcl-PHA, C6-C14) such as 3-hydroxyhexanoate (3HHx) or 3-hydroxyoctanoate, (3HO) [6] [7] .
Incorporation of a particular hydroxyalkanoic acid other than 3-hydroxybutyric acid into the polymer chain depends on the available carbon sources. Most hydroxyalkanoic acid monomers are produced based on carbon sources with a related chemical structure and fed as the sole carbon source or as a cosubstrate [1, 8] .
P(3HB-co-4HB) is a copolymer that exhibits a wide variety of mechanical properties from hard crystalline plastic to very elastic rubber depending on the molar fraction of the 4HB monomer in the polymeric chain [9] . For the majority of the uses this is an advantage as compared to the homopolymer P(3HB). In fact, P(3HB) presents high stiffness and crystallinity which limit some of its applications and also its processability. Besides the attractive mechanical properties, the copolymer P(3HB-co-4HB) and also the homopolymer P(4HB) possess adequate properties for application in the medical and pharmaceutical fields, namely good biocompatibility and a well-tolerated inflammatory response [10] .
Up till now, few wild-type bacteria have been reported to produce P(3HB-co-4HB). Examples are Cupriavidus necator former Ralstonia eutropha [11] [12] , Alcaligenes latus [13] [14] , Comamonas acidovorans ( [14] [15] [16] , Comamonas testosteronii [17] and Hydrogenophaga pseudoflava [18] . Recombinant E. coli has also been used to obtain P(3HB-co-4HB) with 2.8 mol% 4HB [19] as well as to produce the homopolymer P(4HB) [10] , for medical purposes at Tepha Inc.
(Cambridge, MA, USA).
In this work, the ability of Burkholderia sacchari DSM 17165 to accumulate the copolymer P(3HB-co-4HB) upon addition of an adequate precursor is reported.
This strain was isolated from sugar cane plantations and was shown to be able to grow and accumulate P(3HB) both on hexoses and pentoses [20] . Recently, fed-batch cultivations aiming at P(3HB) production using this strain and wheat straw hydrolysates (rich in hexose and xylose), as carbon source have been described [21] . Very high productivities of 1.6 g/(L h) were attained corresponding to a polymer concentration and a polymer cell content of 84 g/L and 68 % g P(3HB)/g cell-dry weight (CDW), respectively. In a recent study with B. sacchari, Mendonça et al., 2013 confirmed the ability of this strain to incorporate the 3HV, 4HB and 3HHx monomers upon the addition of specific co-substrates along with glucose namely odd-chain fatty acids, 4-hydroxybutyric acid and hexanoic acid, respectively [22] . B. sacchari IPT 189 has also been reported in literature to produce the copolymer P(3HB-co-3HV) when grown in sucrose and propionic acid [23] .
In this work, high density fed-batch cultivations were carried out to produce the copolymer P(3HB-co-4HB) using WSH as major carbon source and gammabutyrolactone as precursor. High P(3HB-co-4HB) productivities and 4HB incorporations of ca 5 % (mol/mol) were attained. This is the first study reporting the production of P(3HB-co-4HB) by Burkholderia sacchari in high density fedbatch cultivations. Moreover, lignocellulosic agricultural residues were shown to be upgradable to value-added biocommodities, using a biorefinery approach.
Materials and Methods

Microorganism
Burkholderia sacchari DSM 17165, a strain able to grow and accumulate large amounts of PHAs on hexoses and pentoses, namely glucose, xylose and arabinose, was used throughout this work.
Cultivation media and carbon source
Burkholderia sacchari DSM 17165 was cultivated in basal mineral medium as previously described [21] . Glucose was used as model carbon source during the preliminary assays (shake flasks) to choose the best 4HB precursor and to determine the effect of the precursor concentration on the maximum specific cell growth rate, total biomass and polymer concentrations and polymer composition. Moreover, glucose was used as a reference carbon source in fedbatch cultivations carried out in 2 L stirred-tank reactors to produce the copolymer P(3HB-co-4HB) with the concomitant addition of the precursor gamma-butyrolactone (GBL).
Finally, a concentrated wheat straw hydrolysate (WSH), delivered by biorefinery .de GmbH, containing 465.3 g/L glucose, 146.3 g/L xylose and 41.5 g/L arabinose [21] and free of inhibitors was used as C-source for P(3HB-co-4HB) production in high-cell-density cultures by applying the same feeding strategy as with glucose.
Strain storage and inoculum preparation
Cultures of B. sacchari were stored at -80ºC in 2 mL cryovials containing 300 µL of glycerol and 1500 µL of a previously grown liquid culture in the late exponential phase prepared with seeding medium [24] and supplemented with 20 g/L of xylose. The inocula for the shake flask experiments were prepared by transferring the content of the cryovials to 500 mL shake flasks containing 50 mL of seeding medium supplemented with 10 g/L of glucose or xylose, and incubated at 30ºC in an orbital incubator (Infors AG, Switzerland) at 170 rpm for 12 hours.
Culture conditions
Shake flask assays
Selection of the precursor
Gamma-butyrolactone (GBL) and 1,4-butanediol were tested as precursors for the synthesis of the 4HB monomer by B. sacchari. Cells were grown at 30 ºC on a shaking incubator (170 rpm) in 500 mL flasks containing 100 mL seeding medium with 20 g/L glucose. The initial OD was 1.0. The precursors were added at a concentration of 5 g/ L after 6 h incubation when the OD was approximately 5.0, i.e. before the onset of polymer accumulation. Growth and production were followed during 27 h.
Effect of GBL concentration on cell growth
The effect of GBL concentration on cell growth was studied by varying the concentration from 0 to 40 g/L at an initial glucose concentration of 40 g/L. Cells were grown in 500 mL Erlenmeyer flasks containing 100 mL seeding medium on a shaking incubator at 30ºC and 170 rpm. The initial OD was 0.5. GBL was added at the beginning of the assay. Cell growth was followed during the first 7 h of growth until the OD was approximately 5.0.
Effect of glucose and GBL concentrations on the copolymer production and composition.
The effect of glucose and GBL concentrations on the polymer production and composition was investigated in one-step shake flask cultivations. Cells were grown at 30 ºC in an orbital incubator (170 rpm) in 500 mL flasks containing 100 mL seeding medium and different concentrations of glucose (0-20 g/L) and
. The initial OD was 0.6. GBL was added in the beginning of the assay. Growth, production and polymer composition were followed during 52 h.
At the end of the assay cells were harvested and the polymer extracted and purified (c.f. section 2.5.9). The polymer composition was determined through GC analysis of the monomers after acidic methylation of the polymer.
Fed-batch cultivations
Fed-batch cultivations for the production of the copolymer P(3HB-co-4HB) were The fed-batch mode of operation was carried out using an automated C-source feeding regime based on the decrease of the stirring speed which happens due to the increase of the dissolved oxygen concentration as a result of C-source exhaustion (DO stat) [21] . The stirring speed at which feeding was triggered was set at 900 rpm. The feeding solution consisted either of a solution of glucose 600 g/L or wheat straw hydrolysate containing 465.3 g/L glucose, 146.3 g/L xylose and 41.5 g/L arabinose. GBL was added during the accumulation phase.
A first pulse was added manually at a cell dry weight (CDW) of 75-80 g/L to attain a GBL concentration in the culture medium of ca. 8 g/L. Thereafter the precursor was added continuously at a rate of 2.3 g/h using a peristaltic pump (Pharmacia LKB Pump P-1).
Phosphate limitation was imposed to promote polymer accumulation as in the assays for the homopolymer production [21] . Under these cultivation conditions, 
Analytical methods
Cell dry weight determination
Cell dry weight (CDW) was determined by centrifuging 1.2 mL of culture broth in a Sigma 1-15 P microcentrifuge (9168 x g during 4 min) using a previously dried and weighted microtube. The pellet was washed with distilled water and dried at 62 ºC in a Memmert oven (Model 400) until constant weight.
Sugar quantification
Glucose, xylose and arabinose as well as phosphate concentrations were determined by HPLC as described in a previous publication [21] .
Gamma-butyrolactone (GBL) quantification
The GBL (99 +%, Acros organics) concentration in the culture medium, was determined by gas chromatography (GC). Two milliliters of the culture broth were centrifuged using a Sigma 1-15 P microcentrifuge (9168 g for 5 min).
Subsequently, 1.0 mL of the supernatant was transferred to 10 mL Pyrex series II) using the same equipment and conditions as described above for the GBL determination. Peak identification was achieved using as standard 3-methyl hydroxybutyrate (Sigma). Calibration curves were obtained using samples of P(3HB) produced previously which were subjected to the same methylation process as the cells.
4HB monomer quantification by GC
The 4-hydroxybuyrate concentration was determined by GC using the polymer after its extraction and purification. One mL of a PHA solution (6% w/v) was mixed with 1.0 mL of the acidic methanol solution and was then subjected to acidic methanolysis as described in paragraph 2.5.4. Peak identification and quantification was achieved using as standard methyl-4-hydroxybutyrate synthesized from sodium-4-hydroxybutyrate (Atlantic Chemicals) by acidic methanolysis. The presence of the 4HB monomer in the polymer was confirmed by 1 H NMR analysis.
Nuclear magnetic resonance analysis ( 1 H NMR)
Samples of purified polymer (ca. 35 mg) were dissolved in deuterated chloroform (0.5 mL) and the 1 H NMR spectra recorded in a Bruker AVANCE III spectrometer operating at 400 MHz. Forty eight spectra were accumulated for each determination. Chemical shifts are given in ppm relative to the signal of the solvent (7.26 ppm).
Molecular weight determination
The average molecular weight of the polymer was determined at TECNALIA (Miñano -Araba, Spain) by Size Excursion Cromatography (SEC). The polymer sample (15 mg) was dissolved in 3 mL of chloroform during 15h at room temperature under agitation in a 15 ml glass vial with PE caps. The solutions were then filtered using a Teflon filter with a pore diameter of 0.2 µm and introduced in a SEC system (Waters Millenum) composed of three columns assembled in series (PLgel 5 µm Guard, Polymer Laboratories, 50 x 7.5 mm;
PLgel 5 µm 104 Å, Polymer Laboratories, 300 x 7.5 mm,; PLgel 5 µm 500 Å, Polymer Laboratories, 300 x 7.5 mm). Elution was achieved at 30 °C, at flow rate of 1 mL/min and using chloroform under degassed helium as mobile phase.
The refractive index was used for detection (Waters 2410).
Thermal properties
The thermal properties of the polymer were analysed using Differential Scanning Calorimetry (DSC) (DSC Diamond from Perkin Elmer) and the Samples were heated from 50°C to 800°C at a heating rate of 20°C/min.
Polymer extraction
After lyophilization, the dry biomass was homogenized in a mortar. A mass of cells (5 g) was resuspended in 50 mL of chloroform in 100 mL capped glass flasks and magnetically stirred at 4ºC for 36 h. The content of the flasks was filtered under vacuum, through cellulose filters (Rotilabo-round filters type 114A, 3-5 µm pore, 90 mm in diameter from Carl Roth GmbH) to separate the cellular debris. The chloroform containing the solubilized PHA was slowly poured into a 1L Erlenmeyer containing 400 mL of previously cooled (4ºC) ethanol under very gentle agitation. The precipitate was allowed to settle for 1-2 h. Final recovery was attained under vacuum filtration using the same type of filters.
The recovered precipitate was poured into glass Petri dishes for solvent evaporation during 24 hours at room temperature.
Results and discussion
Shake flask assays
Precursor selection
Gamma-butyrolactone (GBL) and 1,4-butanediol were tested as precursors for the production of the 4HB monomer by B. sacchari. Table 1 shows the results of the polymer production and composition in one-step cultivations carried out in shake-flasks with glucose (20 g/L) and the precursor (5 g/L) being added before the on-set of polymer accumulation. When 1, 4-butanediol was used, the copolymer content after 27 h was 54 % (w/w), but no 4HB units were detected by GC analysis. With GBL, slightly higher biomass and PHA concentrations were obtained resulting in a similar polymer content of 55 %, however the GC analysis of the polymer revealed the presence of a peak with the same retention time as the standard (methyl-4-hydroxybutyrate). As the acidic methanolysis of GBL originates methyl-4-hydroxybutyrate, the quantification of the 4HB molar % in the polymer was carried out with the purified polymer instead of using the cell pellet as it may still contain GBL residues. Analysis by GC of the 4HB incorporation in the polymer revealed ca 1 molar % of 4HB. GBL was thus chosen as precursor for the production of P(3HB-co-4HB).
Evidence of 4HB incorporation in the polymer by 1 H NMR
Selected samples of PHAs produced by B.sacchari using GBL as precursor for the 4HB monomer synthesis along with glucose or WSH as main C-source, were purified and analyzed by 1 H NMR to confirm the presence of the 4HB monomer and quantify its incorporation in the polymer. The 1 H NMR spectra showed that the polymers are composed of two monomer units, 3HB and 4HB, and the spectrum signals ( Fig. 1 ) appear identical to those obtained for P(3HB-co-4HB) by other authors [19, 25] . The fraction of each monomer was calculated from the areas of the 4.11 ppm signal from 4HB and the 5.26 ppm signal from 3HB (C and B in Fig.1 ), bearing in mind that the 4HB and the 3HB signals correspond, respectively to two and one hydrogen atoms.
Effect of GBL concentration on cell growth
To determine maximum allowed GBL concentrations in the cultivation medium, the effect of GBL concentration on the maximum specific growth rate (µ max ) of B. sacchari was assessed. GBL concentrations up to 5 g/L do not affect µ max (Fig.2) . Above this concentration, a continued decrease of µ max from 0.32 to 0.19 h -1 is observed as GBL concentrations increase from 5 to 40 g/L suggesting that B. sacchari cells are inhibited by GBL. The feeding strategy of GBL for the production of P(3HB-co-4HB) should thus be controlled so that high polymer productivities in long term fed-batch cultivations are attained.
Effect of the glucose and GBL concentrations on the copolymer production and composition
Shake flask cultures were carried out to investigate the effects of the carbon source and precursor (GBL) concentration on the cell growth and P(3HB-co-4HB) production by B. sacchari. Table 2 shows the CDW, total polymer production (PHA) and polymer composition after 52 h of cultivation at different concentrations of glucose (0-20 g/L) and GBL (0-15 g/L). Under these conditions it is observed that the homopolymer P(3HB) was produced when glucose was used as the sole carbon source. The PHA cell content decreased as the ratio GBL/glucose increased. A decrease of CDW and PHA concentration is also observed at increasing GBL/glucose ratios except for a GBL concentration of 5 g/L, where a slight increase for the CDW and PHA concentration is noticed. This is probably due not only to the GBL toxicity above 5 g/L, but also to the decreasing glucose concentrations in the medium. The molar fractions of the 4HB unit in the copolymer increased from 0 to 1.8 mol% with increasing gamma-butyrolactone concentration. These results are lower than the incorporations achieved under identical conditions by Mendonça et al, 2013 ( 9.1 molar %) using 4-hydroxybutyric acid as precursor [22] .
An assay was also carried out where GBL (10 g/L) was the sole carbon-source.
In this case a higher 4HB incorporation of 4.6 molar % was observed, however, as expected, very low polymer cell contents are attained (7.1 %). Moreover, this assay reveals that the monomer 3HB is also synthesized from GBL since 95.4 molar % of the total polymer produced in these conditions is 3HB.
A possible biosynthesis pathway for the production of P(3HB-co-4HB) from [12] and Hydrogenophaga pseudoflava [18] . During metabolism of GBL, the lactone ring is opened to yield 4-hydroxybutyric acid. Choi et al (1999) working with Hydrogenophaga pseudoflava [18] and Kunioka et al (1989) working with Cupriavidus necator [28] suggest that ring opening probably occurs within the cell. A pathway for P(3HB-co-4HB) synthesis proposed by , in Cupriavidus necator through the action of a PHA synthase.
Fed-batch cultures
Fed -batch cultivations for the production of P(3HB-co-4HB) using glucose as C-source (control)
To be able to reach high-cell density cultures and improve copolymer productivity on wheat straw hydrolysates, fed-batch cultures have been carried out. The fed-batch strategy adopted in this study for the C-source addition was similar to the one implemented in a previous study aiming at the production of the homopolymer P(3HB) based on wheat straw hydrolysates [21] . An automated carbon-source addition was triggered by a decrease of the stirring speed which happens due to the increase of the dissolved oxygen concentration when the C-source in the cultivation broth is exhausted (DO-stat).
When using wheat straw hydrolysates, glucose was consumed preferentially followed by xylose and arabinose (carbon catabolite repression) . The metabolism of glucose demanded a high rate of oxygen consumption which is translated in a high stirring speed value (1200 rpm is the maximum allowed by the equipment). Upon glucose exhaustion, the stirring speed value dropped automatically as xylose and arabinose consumption proceeded at a lower rate (the stirring speed goes to a lower plateau indicating a lower metabolic activity thus less oxygen is needed). To allow for pentose consumption, a stirring speed value triggering automatic feeding was selected at 900 rpm. This value enabled for complete consumption of the glucose in the medium and for partial consumption of xylose and arabinose before another pulse of fresh feed was added. The developed strategy fully succeeded in avoiding the accumulation of xylose and arabinose in the cultivation medium to inhibitory levels.
Glucose was first used as model C-source for copolymer P(3HB-co-4HB) production with the purpose of obtaining reference data for the subsequent cultivations on wheat straw hydrolysates (WSH). The best timing for GBL addition, the magnitude of the pulse and the GBL addition rate were addressed beforehand to assess the effect of these conditions on copolymer volumetric productivity and composition (unpublished results, paper in preparation). A feeding strategy featuring manual addition of a pulse of GBL (8 g/L) followed by a 2.3 g/h GBL continuous supply and an automatic feeding of the carbon source using the DO-stat method (900 rpm) was chosen, as it allowed for high copolymer productivities and compositions. GBL addition took place during the polymer accumulation phase when the CDW attained ca. 75-80 g/L and the polymer cell content was 50-55 % (w/w). The results obtained are shown in Fig.   3 and summarized on Table 3 . After 52 hours cultivation under these conditions the cell concentration (CDW), copolymer concentration (PHA) and PHA content were 78 g/L, 37 g/L and 45 %, respectively. The maximum attained 4HB incorporation in the polymer was 4.7 molar %. The CDW and the PHA concentration only slightly changed after GBL addition probably because the GBL concentration remained constant above the inhibitory level (5 g/L), at approximately 10 g/L. In this respect the cultivation behaved differently as compared to its counterpart (on glucose and in the absence of GBL) for the production of the homopolymer P(3HB). In the later, the CDW and PHA concentration increased during the whole process to reach 138 and 101 g/L, respectively after 42 h cultivation (Table 3) . These results confirm a certain degree of toxicity to B. sacchari by GBL at 10 g/L.
The addition of a small quantity (2 g/L) of propionate [12, 30] Moreover, the increased concentration of the intermediates 3HB from GBL and propionate and 4HB from GBL, also seem to induce the activity of PHA synthase by substrate induction [30] .
In this work two fed-batch cultivations were carried out using propionic acid and acetic acid as stimulators. The stimulator was added simultaneously with the first pulse of GBL to attain a concentration of 2 g/L in the cultivation medium.
The GBL addition rate was 2.3 g/h and glucose was added through the DO-stat method. The time course of the cultivations is shown in Fig. 4 and the summary of the results on Table 3 . The cultivation with propionic acid (Fig 4A) , (Fig. 3) , however a more stable glucose concentration could be maintained throughout the cultivation.
Fed-batch cultivation for the production of P(3HB-co-4HB) with wheat straw hydrolysates as C-source
Fed-batch cultivations aiming at P(3HB-co-4HB) production were carried out using wheat straw hydrolysates (WSH). An inhibitors-free hydrolysate containing 465.3 g/L glucose, 146.3 g/L xylose and 41.5 g/L arabinose was tested as C-source. This hydrolysate had been previously used as C-source for P(3HB) production [21] ( Table 4 ). The feeding period was carried out with a first pulse of 8 g/L followed by a continuous GBL flow rate of 2.3 g/h and DO-stat addition of the C-source. The time course of the cultivation is shown in Fig. 6A and the summary of the results on Table 3 . Fig.6B shows the cultivation where Although a similar copolymer composition was achieved compared to the cultivations on glucose (Table 3) , lower productivities were obtained when using the hydrolysate as C-source. This is due to the presence of pentoses, namely xylose and arabinose in the hydrolysate (29 % of the total sugars) which are consumed at a lower rate compared to glucose, as reported earlier [21] . Table 4 summarizes the results of a previous cultivation for the production of P(3HB) [21] and the results for P(3HB-co-4HB) production (this work), using the same wheat straw hydrolysate. In the case of the copolymer, the volumetric productivity was three-fold lower due to the toxic effect of gamma-butyrolactone since its concentration remained constant at approximately 10 g/L. Indeed, as shown above, increasing concentrations of GBL lead to decreasing growth rates, which will result in lower productivities in prolonged fed-batch cultivations.
Molecular weights and thermal properties of P(3HB-co-4HB)
Copolymers P(3HB-co-4HB) produced by B. sacchari containing different 4HB molar fractions were characterized and the properties listed on Table 5 
Conclusions
Burkholderia sacchari is able to produce the P(3HB-co-4HB) copolymer upon addition of gamma-butyrolactone (GBL) to the medium. Cell growth inhibition is observed at GBL concentrations above 10 g/L and thus the strategy for feeding the precursor requires strict control. Maximum P(3HB-co-4HB) concentrations of 37 g/L containing ca. 5 molar % of 4HB, corresponding to a volumetric productivity of 0.7 g/L h, were achieved in fed-batch cultures on glucose when a first pulse of GBL (8 g/L) was added during the polymer accumulation phase followed by a continuous flow of GBL (2.3 g/h). A pulse of propionic acid (2 g/L)
together with the initial pulse of GBL enhanced the 4HB incorporation to ca. 6.3 molar % while attaining a volumetric productivity and polymer content of 0.6 g/L h and 39 %, respectively.
The same feeding conditions on WSH as C-source revealed maximum polymer concentrations, volumetric productivities, polymer content and composition of 24 g/L, 0.5 g/L h, 27% and 5 molar % 4HB. On WSH, a similar copolymer composition was thus achieved compared to the glucose (control), however lower productivities were attained due to the lower polymer production rate on xylose and arabinose.
This is the first work reporting the ability of B. sacchari to synthesize the 4HB monomer from GBL to produce the P(3HB-co-4HB) copolymer. Moreover, the feasibility of using fed-batch cultivation for the production of the copolymer P(3HB-co-4HB) based on a lignocellulosic agricultural residue was demonstrated.
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